PURPOSE. Macular pigments are preferentially concentrated in the central fovea, an area devoid of vasculature. We hypothesized that there may be a link between the macular pigment profile and the size and structural characteristics of the foveal avascular zone (FAZ).
M acular pigments are concentrated in the central fovea and are preferentially deposited within the inner plexiform and Henle's fiber layers of the human macula. 1, 2 The spatial profile of macular pigments, however, is not uniform and demonstrates significant interindividual variation, similar to foveal pit geometry and macular cyto-architecture. [3] [4] [5] [6] It is unclear if the spatial profiles of macular pigments are correlated to the morphometric properties of the fovea by a range of anatomical interrelationships. Clarifying such relationships is important as it may aid our understanding about the functions served by macular pigments in retinal physiology and development.
The foveal avascular zone (FAZ) is an anatomic specialization that serves to maximize visual function by removing angioscotomas from the visual image at fixation. From an embryological standpoint, the FAZ is correlated to the development of the foveal pit. [7] [8] [9] Macular pigment is greatest in the center of the macula, which is devoid of vasculature. 10 Diseases with an absent or pathologically constricted FAZ, such as retinopathy of prematurity and albinism, are also known to have an absent or attenuated macular pigment optical density (MPOD) profile. 11 The relationship between foveal vascular topology and MPOD spatial profile has not been previously investigated in a quantitative manner. We hypothesized that foveal structure, as quantified by the size of the FAZ and the foveal thickness, may correlate with the distribution of macular pigment. The purpose of this study was to test the hypothesis that FAZ morphometry, MPOD spatial profile, and foveal architecture are interrelated in healthy subjects. This study provides new information concerning macular physiology and the associations between the FAZ and foveal metrics. Results from this study are used to speculate on the role of macular pigments in foveal structure-function relationships.
MATERIALS AND METHODS
The study was approved by the Western Institutional Review Board. Informed written consent was obtained from subjects after explanation of the nature and possible consequences of the study. The protocol followed the tenets of the Declaration of Helsinki. The study was performed at Vitreous, Retina, Macula Consultants of New York, a private retinal clinic, from January to April 2015. The study examined healthy volunteer subjects who were friends or family members of the investigators of this study. All participating subjects were older Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc. iovs.arvojournals.org j ISSN: 1552-5783 than 18 years and had no known history of ocular or systemic diseases. None of the subjects were using vitamin supplements. Data were acquired from both eyes of all subjects with the exception of five individuals who requested only one eye to be evaluated for this study.
Macular Pigment Optical Density Spatial Profile
The technique that was used to determine the MPOD spatial profile is illustrated in Figure 1 . The MPOD measurements were determined by using a dual wavelength autofluorescence technique that has previously been described. 12 All measurements were obtained using the confocal scanning laser ophthalmoscope on the Heidelberg Retina Angiograph (Heidelberg Engineering, Inc., Heidelberg, Germany). 13, 14 Once steady fixation was maintained, the scanning laser ophthalmoscope was focused on the macular region and autofluorescence images were captured at 488 nm and 512 nm within a 208 field centered at the fovea. System software was then used to generate an average MPOD grayscale map by digital subtraction of log autofluorescence images. 12 The intensity of the grayscale map (0-255 units) was proportional to MPOD. The MPOD spatial profile was generated from the grayscale map by calculating mean MPOD values for circles centered on the fovea. The reference location was selected at an eccentricity of 68 because previous reports have shown that the MPOD spatial profile flattens at approximately this location in healthy human subjects. 3, 5, 15, 16 The radius at half peak of MPOD was also manually determined from the MPOD map and was defined as the retinal eccentricity (in degrees) where the ). The differences in log intensity between these two images are used to generate a grayscale image (C) in which pixel intensity is proportional to MPOD. The spatial profile of MPOD (D) is generated by inbuilt software that compares MPOD values at the fovea to a reference point, which in this study was defined as the 6-degree eccentricity (green lines). Measurements were taken of Peak MPOD (red vertical line) and the eccentricity where the MPOD value was measured as 50% of the peak MPOD (red arrow; fenestrated line). The latter point was defined as the radius at half peak of MPOD. The FAZ size (E) was determined by calculating the area of the FAZ (green shade) on OCTA, approximating a circle to fit this area (blue dashed line) and calculating the radius of this circle (red line). This was defined as the equivalent radius (ER) of the FAZ. Structural OCT (F) was used to determine CFT (double arrow), which was defined as the distance from the RPE to the inner limiting membrane. MPOD value was 50% of the peak MPOD. The radius at half peak of MPOD was determined by two independent examiners and the average measurement was used for statistical analysis.
Qualitative assessments of the MPOD spatial profile were also performed. If the decrease in MPOD approximated an exponential, monotonic decline with eccentricity, it was classified as a ''no-ring profile'' ( Fig. 2) . If subpeaks were observed in the MPOD spatial profile in a zone ranging from 0.5 to 1.0 degrees from the foveal center, then it was classified as a ''ring profile'' ( Fig. 3 ). 17, 18 
Central Foveal Thickness and Axial Length Measurements
Volumetric images of the central 20 0 3 15 0 were captured using high-resolution spectral-domain optical coherence tomography (OCT) on the Heidelberg Spectralis (Heidelberg Engineering). Volumes were composed of 49 B-scans with 9 Ascans averaged for each B-scan. The B-scan image of the central fovea was used for quantitative analysis. Point thickness of the central fovea was measured with the calipers provided by the OCT software and was defined as the distance between the RPE and inner limiting membrane ( Fig. 1 ). Central foveal thickness (CFT) was measured by two examiners and the average measurement was used for statistical analysis. Axial length measurements were collected with the IOLMaster (Carl Zeiss Meditec, Dublin, CA, USA), which uses partial coherence interferometry to calculate the length of the eye.
Foveal Avascular Zone Measurements With OCT Angiography
The instrument used for OCT angiography (OCTA) images is based on the Optovue RTVue XR Avanti (Optovue, Inc., Freemont, CA, USA) to obtain split spectrum amplitude decorrelation angiography images. This instrument has an Ascan rate of 70,000 scans per second, using a light source centered on 840 nm and a bandwidth of 45 nm. Each OCTA volume contains 304 3 304 A-scans with two consecutive Bscans captured at each fixed position before proceeding to the next sampling location. The scan area was 3 3 3 mm. Each OCTA volume is acquired in 3 seconds and two orthogonal OCTA volumes were acquired so as to perform motion correction to minimize motion artifacts arising from microsaccades and fixation changes. Angiography information displayed is the average of the decorrelation values when viewed perpendicularly through the thickness being evaluated. If the image processed with motion correction software demonstrated artifact in the form of doubling of vascular structures or sideways shearing of the image, then image acquisition was repeated.
Image analysis was performed using Adobe Photoshop cc (Adobe Systems, Inc., San Jose, CA, USA). The OCTA images from screen capture program integrated in the AngioView software (Optovue, Inc., Freemont, CA, USA) was used to obtain the vascular images. Gain and contrast were adjusted if necessary, using the brightness/contrast function, to allow clear delineation of the FAZ. The magic wand tool was then used to manually demarcate the boundaries of the FAZ. We used a tolerance of 15 and repeatedly used the magic wand tool to select the FAZ. If the selection spilled outside of the FAZ, the excess selection was trimmed using the lasso tool. If there were regions in the FAZ where pixel value exceeded the selected pixel value plus tolerance, then they were not selected by the magic wand tool. In these instances, the lasso tool was also used to manually select pixel outliers. The area measurement function was then used to determine the area of the FAZ in pixels 2 and this value was converted to lm 2 using scale conversion. This area was used to calculate a circle with an equivalent area and the equivalent radius (in degrees) of this circle as centered on the fovea was determined ( Fig. 1) . One degree was defined as 288 lm. 19 The equivalent radius of the FAZ was determined by two independent examiners and the average measurement was used for quantitative analysis.
Statistical Analysis
Data were analyzed with descriptive statistics and to evaluate relationships between the size of the FAZ, CFT, peak MPOD, and radius at half peak of MPOD generalized estimating equations were used. A P value less than or equal to 0.05 was considered significant. The IBM SPSS version 21 statistical package was used (IBM Corporation, Armonk, NY, USA). Results are provided as mean 6 SD.
RESULTS
There were 59 eyes of 32 subjects, who were a mean of 31.3 6 6.6 years; 15 were male. The mean axial length was 24.5 6 1.5 mm and the mean CFT was 206.0 6 19.2 lm. Signal score index on OCTA was greater than 60 out of 100 for all subjects (mean 80.1, SD 6.5).
The correlation between axial length and CFT was not significant (P ¼ 0.207). The correlation between axial length and equivalent radius was also not significant (P ¼ 0.192). The spatial relationships between FAZ topology, MPOD profile, and CFT for small and large FAZs are presented in Figures 2 and 3 , respectively. The mean peak MPOD was 0.578 (SD 0.128) and the mean radius at half peak of MPOD was 1.11 degrees (SD 0.31; Table 1 ). Subpeaks in the MPOD spatial profile in a zone ranging from 0.5 to 1.0 degrees from the foveal center were more commonly observed in eyes with greater-sized FAZs (Fig.  3 ). Bivariate analysis showed significant negative correlation between CFT and both the equivalent radius of the FAZ and the radius at half peak of MPOD (Table 2 ). There was a high degree of bilateral symmetry for these parameters (Table 3) .
Because many patients had bilateral imaging, the data were analyzed with generalized estimating equations. The results of these analyses are shown in Tables 4 to 6. The only significant predictor of the radius at half peak of MPOD was the size of the FAZ as expressed by the equivalent radius ( Table 4 ). The only Significant negative correlations were identified between CFT and equivalent radius of the FAZ and also CFT and the radius at half peak MPOD. Positive correlations were identified between equivalent radius of the FAZ and radius at half peak MPOD and also between CFT and peak MPOD. There was significant intereye correlation for the size of the FAZ as measured using ER, peak MPOD, radius at half peak of MPOD, and CFT. The only significant predictor was the size of the FAZ as expressed by the equivalent radius. significant predictor of CFT was the equivalent radius of the FAZ ( Table 5 ). The significant predictor for peak MPOD was CFT ( Table 6 ).
DISCUSSION
This study quantified the relationships between the topological characteristics of the FAZ and the MPOD spatial profile. The findings are as follows: (1) The equivalent radius of the FAZ is highly correlated with the radius at half peak of MPOD. (2) The equivalent radius of the FAZ is a significant predictor for CFT.
(3) Central foveal thickness is a significant predictor for peak MPOD. (4) Interocular correlations for FAZ size, CFT, and the spatial profile of MPOD are significant. (5) Eyes with larger FAZs are more likely to have a secondary peak in their MPOD profile in a zone ranging from 0.5 to 1.0 degrees from the foveal center.
Theories concerning the function of macular pigments date back more than a century and the proposed roles for macular pigments include decreasing light scattering, reducing chromatic aberration, minimizing short wavelengthinduced phototoxicity, increasing contrast, and protecting retinal structures against oxidative injury. [20] [21] [22] [23] The absorption spectrum of macular pigments peaks at 460 nm, 2 which is in the blue region of the visible spectrum. Blue light is more likely to be scattered as per the Rayleigh equation and therefore it is plausible that macular pigments serve to reduce light scattering and consequently glare, but only for wavelengths that excite S-cones. Phototoxic injury is also more likely to occur with short wavelength light, and it is probable that macular pigments serve to protect against oxidative injury. 24, 25 Macular pigments are concentrated in the central fovea. Macular pigment density drops precipitously at the border of the vascularized portions of the retina, suggesting there may be a degree of functional overlap in the physiological role served by macular pigments and retinal vessels. Snodderly and Weinhaus 26 estimated that approximately 45% of the photons passing through the perifoveal retina of nonhuman primates would encounter one or more capillaries in their trajectory toward the photoreceptor layer. It is therefore likely that foveal capillaries and their contained red blood cells serve to reduce the risk of short-wavelength-induced phototoxicity and photo-oxidative damage. The proximity of capillary plexuses and macular pigments (within avascular retina) to the photoreceptor layer suggest that both structures serve to reduce photo-oxidative damage to outer segments that contain a high concentration of polyunsaturated fatty acids. 27 The final stages of foveal development are characterized by the sequential centrifugal displacement of inner retinal layers following centripetal migration of cones toward the foveal center. 28 In this study, we found that CFT is inversely correlated to the equivalent radius of the FAZ, suggesting that the extent of antiparallel migration of inner retinal layers modulates the size of the FAZ. It is likely that differences in the spatial profile of MPOD relates to interindividual variations in neurovascular relationships that form during foveal development. 6 We showed that eyes with larger FAZs were more likely to have subpeaks in the MPOD spatial profile. Tariq et al. 18 showed that subpeaks and ring-like structures in the MPOD spatial profile are heritable. As subpeaks are related to the size of the FAZ, it is possible that genetic factors also determine the topological characteristics of the FAZ.
The functional advantage of MPOD subpeaks is unclear; however, they may relate to the degree of inner retinal layer separation and the extent to which the outer nuclear layer encroaches on the foveal center. 6 In a study involving nonhuman primates, Snodderly et al. 2 proposed that subpeaks in the spatial profile of MPOD correlate to regions in which macular pigment dominance shifts from the inner plexiform layer to Henle's fiber layer. The occurrence of subpeaks may have relevance for understanding pathophysiological mechanisms involved in retinal diseases, as the work by Dietzel et al. 29 showed that ring-like structures in the MPOD spatial profile were significantly more common in persons without age-related maculopathy. Meyer zu Westrup and colleagues 14 noted an inverse correlation between CFT and MPOD at 1 and 2 degree eccentricities. By extension, their findings are consistent with the present report. Because those eyes with a larger FAZ are more likely to have a subpeak in their MPOD profile and a lower CFT measurement, it would seem likely that MPOD at some eccentric location, such as 1 degree will be inversely related to CFT. Meyer zu Westrup et al. 14 did not find a correlation between CFT and MPOD at the 0 degree eccentricity and in this regard their results are different from our findings. The age of subjects in the study by Meyer zu Westrap et al. 14 was older than in our cohort (mean age 78.4 years). Furthermore, that study included participants with early AMD. Age 30 and retinal disease 31 are known to alter macular pigment distribution and are likely reasons why the results of Meyer zu Westrap et al. 14 were different from the findings in our present report. Liew et al. 32 found that CFT was positively correlated with The only significant predictor was central foveal thickness (CFT). The only significant predictor was the size of the FAZ as expressed by the equivalent radius.
MPOD and their study examined healthy subjects between 17 and 50 years of age. This study provides new information concerning the interrelationships between the FAZ, foveal metrics, and MPOD spatial profile and expands the findings of previous authors that have documented relationships between the FAZ and foveal anatomy. 9, 14, 33 The close interrelationship between the organization of foveal vessels and macular pigments is consistent with the hypothesis that macular pigments protect against photochemical damage. We, however, acknowledge several limitations of this study. The sample size in this study is restricted, and it will be important to evaluate a larger group of patients of different ages to determine if there is an agedependent change in the relationship between FAZ size and the MPOD spatial profile. The relationships between sex, ethnicity, FAZ size, and MPOD spatial profile were also not examined this study. Expanding our understanding of the spatial profile of MPOD and its relationships to anatomical structures is likely to be important, as it has relevance for understanding pathogenic mechanisms important in aging and retinal diseases.
